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The cytotoxicity of starch-based polymers was investigated using different methodologies.
Poly-L-lactic acid (PLLA) was used as a control for comparison purposes. Extracts of four
different starch-based blends (corn starch and ethylene vinyl alcohol (SEVA-C), corn starch
and cellulose acetate (SCA), corn starch and polycaprolactone (SPCL) and starch and
poly-lactic acid (SPLA70) were prepared in culture medium and their toxicity was analysed.
Osteoblast-like cells (SaOs-2) were incubated with the extracts and cell viability was
assessed using the MTT test and a lactate dehydrogenase (LDH) assay. In addition DNA and
total protein were quantified in order to evaluate cell proliferation. Cells were also cultured
in direct contact with the polymers for 3 and 7 days and observed in light and scanning
electron microscopy (SEM). LDH and DNA quantification revealed to be the most sensitive
tests to assess respectively cell viability and cell proliferation after incubation with
starch-based materials and PLLA. SCA was the starch blend with higher cytotoxicity index
although similar to PLLA polymer. Cell adhesion tests confirmed the worst performance of
the blend of starch with cellulose acetate but also showed that SPCL does not perform as
well as it could be expected. All the other materials were shown to present a comparable
behaviour in terms of cell adhesion showing slight differences in morphology that seem to
disappear for longer culture times.
The results of this study suggest that not only the extract of the materials but also their
three-dimensional form has to be biologically tested in order to analyse material-associated
parameters that are not possible to consider within the degradation extract. In this study,
the majority of the starch-based biomaterials presented very promising results in terms of
cytotoxicity, comparable to the currently used biodegradable PLLA which might lead the
biocompatibility evaluation of those novel biomaterials to other studies.
C© 2005 Springer Science + Business Media, Inc.
1. Introduction
Biocompatibility assessment comprehends several hi-
erarchical stages each one of them aiming to evalu-
ate the effect of different characteristics/properties of
newly developed biomaterials on the biological sys-
tem. The emergence of novel biomaterials, in particular
biodegradables, demands an adaptation of the existing
test systems in accordance to their new properties. Sev-
eral variables have emerged when evaluating the bio-
compatibility of those materials. The possible effects
of the metabolites resulting from the degradation, the
local and remote interactions of cells with those prod-
ucts and the rate and mechanism of degradation have
been the focus of some studies [1–4].
The toxic effect of the proposed biomaterials on cells
is considered one of the most important issues to be
evaluated. Toxicity involves the disturbance of cellular
homeostasis [5] therefore affecting cellular functions
that can be very subtle or lead to a multiplicity of bio-
chemical changes. Within cellular phenomena high im-
portance is given to cell death, cell proliferation, cell
morphology and cell adhesion, which directly corre-
late with toxicity in vitro [5–7]. Loss of viability cons-
titutes the critical consequence generated by a toxic
biomaterial. A reduced biosynthetic activity [8] as well
as the release of cytoplasmic metabolites [9] or uptake
of non-viable stains [10], resulting from cell membrane
rupture, might be indicators of cell death. In hostile en-
vironments, anchorage-dependent cells become round,
detach from the substratum and die [11]. The evalua-
tion of cell morphology is therefore a rather simple and
reliable tool to predict and identify loss of cellular via-
bility. Another sign of toxicity is a reduced proliferation
rate. Several methods [8, 12] have been used to quantify
cell proliferation mainly based in the quantification of
total protein or DNA and in the measurement of DNA
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synthesis following the incorporation of radiolabelled
molecules.
Considering cell adhesion, it is important to empha-
size that a reduced cell adhesion might not be indicative
of cell death and consequently cannot be interpreted as
a toxic effect [5]. In fact, if using anchorage-dependent
cells, representative of the environment that the im-
plant will face, cell adhesion is required and its absence
would be considered an indication of poor biocompat-
ibility. This should be allied to a morphological eval-
uation of the cells which would allow to confirm the
eventual reduced cell adhesion as a signal of toxicity.
Several biodegradable polymers have been pro-
posed for a wide range of biomedical applications
[2, 3, 13–18]. Some of them were considered to induce
an appropriate biological response in vitro [15, 16, 18]
and in vivo [2, 16] while others provoked a negative bio-
logical effect [3, 13, 14, 17, 19]. However those materi-
als do not exhibit comparable physical, chemical or bio-
logical properties to natural tissues therefore, the search
for novel materials, which resemble living systems con-
stitutes one of the major challenges for biomaterials sci-
entists. Natural origin materials, due to their structural
similarities to components in host tissues, their pos-
sibility of being enzymatically degraded in biological
systems allowing for a better control of the degradation
rate along with other properties, have been presented as
potential solutions for the lack of biocompatibility of
currently used devices [20–24]. Starch-based materi-
als have revealed promising properties envisaging their
use in a wide range of biomedical applications [25–28].
Therefore the aim of the present work was to evaluate
the cytotoxicity of several starch-based materials (com-
mercial environmental applications grade) and the most
currently used biodegradable material, poly-L-Lactic
acid (PLLA, medical grade) in order to compare the
performance of the different polymers. Cell viability
and cell proliferation were the two parameters chosen
to assess the cytotoxicity of the extracts of the materials
and each one of the variables was quantified using two
different techniques. Cells were also cultured in direct
contact with the materials in study in order to compare
the cell behaviour with the cytotoxicity results trying
to identify potential additional negative effects of the
surface of the materials.
2. Materials and methods
2.1. Materials
The materials studied were: (i) a 50/50 (wt%) blend of
corn starch and ethylene vinyl alcohol (SEVA-C), (ii) a
50/50 (wt%) blend of corn starch and cellulose acetate
(SCA), (iii) a 30/70 (wt%) blend of corn starch and
polycaprolactone (SPCL) and (iv) a 30/70 (wt%) blend
of corn starch and poly-lactic acid (SPLA70).
Poly-L-Lactide (Purac biochem bv, The Nether-
lands), being the gold standard for biodegradables in
biomedical applications, was used as a biodegradable
control material and latex rubber as a positive control.
All the materials, except latex, were processed into
circular samples (Ø 1 cm) by injection moulding and
sterilised by ethylene oxide (EtO) under the conditions
previously described [25].
2.2. Cell culture
A human osteosarcoma cell line SaOs-2, an immor-
talized cell line with an osteoblastic phenotype, was
obtained from European Collection of Cell Cultures
(ECACC, UK). The cells were cultured in Medium 199
without phenol red (DMGibco BRL, Life Technolo-
gies, USA) supplemented with 10% of heat-inactivated
fetal bovine serum (FBS; Biochrom AG, Germany),
100000 U/ml penicillin-G, 100 µg/ml streptomycin and
25 µg/ml amphotericin B (Sigma Chemical Co., USA)
and 20 mM Hepes (Sigma Chemical Co., USA) in a
humidified atmosphere with 5% CO2 and at 37 ◦C.
In preparation for the MTT, Total Protein and LDH
quantification tests cells were resuspended in culture
medium at a density of 6.6 × 104 cells/ml and seeded
(200 µl/well) in 96-well plates. For the DNA quantifi-
cation, cells were resuspended in culture medium at a
density of 2.4 × 105 cells/ml and seeded (1 ml/well) in
24-well plates.
All the plates were then incubated for 48 h at 37 ◦C
in a humidified atmosphere of 5% CO2 in order to es-
tablish a 90–100% confluence monolayer.
2.3. Extract preparation
Materials (3 cm2/ml) were incubated in 10 ml of cul-
ture medium for 24 h at 37 ◦C with constant shaking (60
rpm) in order to simulate better the short-term effect of
the degradation products under conditions similar to
those of human body, a dynamic environment. The ex-
tract was then filtered (0.45 µm pore size) to eliminate
the possible presence of solid particles of the material
and serial dilutions (25, 50 and 75%) in culture medium
were prepared.
2.4. MTT assay
Culture medium was replaced by the extracts of the
materials (150 µl/well) after cells reached the confluent
monolayer and plates were incubated for 72 h.
After incubation medium was removed, each well
was treated with 50 µl/well of MTT (1 mg/ml in
medium 199 without phenol red, Sigma, St. Louis,
USA) and plates incubated for further 4 h at 37 ◦C in
a humidified atmosphere of 5% of CO2. At this stage
the MTT was removed and 100 µl/well of isopropanol
(Merck, Germany) was added in order to dissolve the
formazan crystals. The plates were placed in the incu-
bator for 15 min and then in a cold room for 15 min
before the absorbance measurements. The optical den-
sity (OD) was read on a multiwell microplate reader
(Molecular Devices SPECTRAMax Plus 340PC, USA)
at 570 nm.
2.5. LDH quantification
Plates were treated with the extracts of the different ma-
terials as described for MTT test, but reserving repli-
cates to determine total and extracellular LDH. After
the 72 h of incubation 50 µl of 10 mM HEPES solu-
tion were added to each well. The solution of the wells
reserved to determine extracellular LDH was trans-
ferred to new 96-well plates. The lysis of the cells
adhered to the initial 96-well plates was promoted by
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3 consecutive cycles of −80 ◦C for 10 min and 37 ◦C for
5 min and the suspension removed to another 96-well
plates to quantify total LDH. Both for extracellular and
total LDH quantification, 10 µl of each sample were
incubated with 50 µl of pyruvate (9.76 mM pyruvate in
81.3 mM Tris/203.3 mM NaCl, pH 7.2) and the reaction
was started with 125 µl of NADH (0.244 mM NADH
in 81.3 mM Tris/203.3 mM NaCl, pH 7.2). Blank was
read using 50 µl of 81.3 mM Tris/203.3 mM NaCl,
pH 7.2 instead of pyruvate. The LDH activity was fol-
lowed through the rate of oxidation of NADH to NAD+
for 150 s at 340 nm (Molecular Devices SPECTRAMax
Plus 340PC, USA) and the Vmax (OD340 nm × 10−3/min)
determined.
2.6. DNA quantification
After reaching confluence, the culture medium was re-
placed by serial dilutions of the extract (600 µl/well)
of each material. Culture medium without any extract
was used as control. After 72 h, the extracts were re-
moved, 200 µl of 0.25% (v/v) trypsin/EDTA solution
(Sigma Chemical Co., USA) added to each well for
5 min and replaced by 1 ml of PBS 0.01 M. The so-
lution was homogenised with a micropipette in order
to remove all the cells still adhered and transferred to
new test tubes. Tubes were centrifuged for 10 min at
2500 rpm and 4 ◦C, the supernatants rejected and the
pellets resuspended in 5 ml of Proteinase K solution pre-
viously prepared with 2.5 ml NaCl 4 M, 20 ml EDTA
500 mM, 5 ml Tris 2 M, pH = 8.0, 25 ml SDS 10%
(w/v) and 525 µl of Proteinase K (10 mg/ml). Tubes
were incubated overnight at 37 ◦C. Following incuba-
tion 1.5 ml of water plus 1.5 ml of NaCl were added to
each tube. These were mixed for 30 s and centrifuged
for 3 min at 4000 rpm and 4 ◦C. Supernatants were
transferred to new tubes, 6 ml of 70% ethanol (v/v)
were added and the mixtures homogenised until DNA
precipitated. Tubes were left to stabilise for 1 h, the
supernatants discarded and the precipitate transferred
to eppendorfs to which 200 µl of 70% ethanol (v/v)
and 150 µl of Tris-HCl 10 mM/EDTA 1 mM were
added.
The DNA concentration was determined reading the
optical density at 260 nm, using the same equipment
referred to before.
2.7. Total protein quantification
As for the DNA quantification, after reaching conflu-
ence the culture medium was replaced by serial dilu-
tions of the extract (150 µl/well) of each material. Cul-
ture medium without any extract was used as control. In
the end of the incubation time (72 h) the extracts were
removed, cells were washed with 0.1M PBS and let in
100 µl of PBS 0.1 M. From this point on, the BCA Pro-
tein Assay kit (Pierce Chemical Co., USA) was used.
This system utilises bicinchoninic acid (BCA) as the de-
tection reagent for Cu+1, which is formed when Cu+2 is
reduced by protein in an alkaline environment. The pur-
ple coloured reaction product is formed by the chela-
tion of two molecules of BCA with one cuprous ion
(Cu+1). This water-soluble complex exhibits a strong
absorbance at 562 nm that is linear with increasing pro-
tein concentration.
2.8. Direct contact assay
The materials were placed in contact with cells during
different time periods in order to identify morphologi-
cal changes resulting from this contact and to see how
cells were adhered and spread on the material.
In this assay cells were trypsinised (0.25% (v/v)
trypsin/EDTA solution, Sigma Chemical Co., USA)
from a culture flask and 1.5 ml of cell suspension, in
fresh culture medium (3.3 × 10−4 cells/ml) were seeded
onto the materials. Three samples, per material, per time
of growth, were studied and tissue culture polystyrene
wells were used as control. The 24-well plates were in-
cubated for 3 and 7 days. Culture medium was changed
on the third day and after each pre-determined time of
culture the cells were washed with a 0.1 M phosphate
buffered saline solution (PBS, Sigma Chemical Co.,
USA), fixed with 2.5% gluteraldehyde (BDH, UK) so-
lution in PBS for 30 min at 4 ◦C, washed and kept in
PBS at 4 ◦C until being stained or prepared for scanning
electron microscopy (SEM) observation.
The surface of the materials was therefore stained
with a 0.4% methylene blue solution in water for 1 min
and examined in a stereomicroscope Zeiss KL 1500
(Zeiss, Germany). For SEM, samples were dehydrated
in graded ethanol solutions (70, 90, and 100%) twice,
15 min each and let to dry overnight. Samples were gold
sputter coated in a Sputter Jeol JFC 1100 and observed
on a Leica Cambridge S360 SEM equipment (Leica
Cambridge, UK).
2.9. Statistical analysis
All materials extracts were tested in 12 (Total protein
and MTT tests) and 6 (Total DNA and LDH tests) repli-
cates for each extract concentration for a minimum of
three separate experiments with comparable results.
All data was averaged and standard deviation is re-
ported as a measure of sample deviation. The data for
the neat extracts was statistically compared by a one
way ANOVA analysis using a Tukey test [29]. If prob-
ability values were less than 0.05 (p < 0.05), differ-
ences observed for the two materials were considered
statistically significant.
3. Results
MTT and LDH quantification were used to measure cell
viability while cell proliferation was assessed by DNA
and total protein quantification. These methodologies
were applied after culturing an osteoblast-like cell line
with the extracts of biodegradable polymers. Before
each test, cells were seeded in different densities and
allowed to adhere overnight to confirm that each one
of the parameters was linearly correlated with the cell
number and to define the cell seeding concentration.
3.1. Cell viability
The MTT assay revealed that the extracts of all the ma-
terials in study affected the viability of osteoblast-like
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Figure 1 Effect of the concentrations of the extract of several starch-based polymers on cell viability when compared with controls and reference
materials. The results obtained in the presence of neat extract of SCA were found to be significantly different from the results obtained in the presence
of all the other materials. In addition, when comparing SEVA-C and SPLA70, their effect on cell viability was found to be significantly different.
cells. This was expected due to the biodegradable na-
ture of the polymers. It was possible to observe (Fig. 1)
that the extract of the polymer of starch with cellulose
acetate induced the highest percentage of cell death
(about 75%). While in the presence of the extracts of
all the other materials the number of viable cells was
comparable to the number of viable cells in the nega-
tive control (TCPS), in the case of SCA its behaviour
was closer to the positive control (latex). In fact, the
percentage of cell death in the presence of the extracts
of starch-based materials (except SCA) and PLLA was
around 30%, which can be considered a good result for
this type of polymeric biomaterials.
The statistical analysis of the results obtained for the
neat extract confirmed that the effect of SCA extracts
was significantly different from all the other materials.
In addition, only the extract of SEVA-C was found to
be significantly different from the extract of SPLA70
which suggests that the extract of SEVA-C was the less
toxic (31% of cell death) and that SPLA70 was the
Figure 2 Effect of the concentrations of the extract of several starch-based polymers on the intracellular LDH activity when compared with controls
and reference materials. The results obtained in the presence of neat extract of SEVA-C were found to be significantly different from the results
obtained in the presence of SCA and PLLA. Furthermore, SPCL was found to induce a significant different behaviour when comparing to SCA, PLLA
and SPLA70. SCA and SPLA70 were also found to be different.
material with second highest index of cytotoxicity (36%
of cell death).
It is known that the intracellular LDH is proportional
to the number of cells [9]. This parameter was deter-
mined subtracting the extracellular LDH to the total
LDH, in order to obtain the number of viable cells and
compare the results with those obtained in the MTT
test. In fact, although with some differences, the same
tendency was observed with the LDH quantification ex-
periment. The incubation of osteoblast-like cells with
the extracts of the polymers induced a decrease in the
number of viable cells (Fig. 2). Once again, the ex-
tract of SCA induced highest percentage of cell death
(about 46%). However, this was a less pronounced re-
duction, comparatively to the result obtained for MTT
quantification.
The statistical analysis of the results however, evi-
denced significant differences between the materials.
While the SCA effect was found to be significantly
different from all the other polymers with the MTT
836
test, the LDH quantification showed that SCA and
PLLA induced a similar outcome. Furthermore, PLLA
was also found to provoke significant and more cell
death (about 44%) than SPCL (about 24%) and SEVA-
C (about 34%). Interestingly, the toxicity of SPLA70
(about 35%) was shown to be significantly higher
than the toxicity of SPCL and lower than SCA (about
46%) but not different from SEVA-C and PLLA.
It is important to remind herein that SPCL and
SPLA70 have both 30% of starch and 70% of PLA or
PCL.
Thus, based on the LDH quantification, PLLA could
be considered to be the material with higher index of
cytotoxicity after SCA, and SPCL the less harmful. The
toxicity index of SCA can be explained due to the re-
lease of low molecular weight chains to the extraction
medium, which are responsible for a pH drop therefore
inducing cell death.
3.2. Cell proliferation
The proliferation of osteoblast-like cells evaluated after
incubation with the extracts of the degradable materials
in study showed that their degradation products affect
Figure 3 Effect of the concentrations of the extract of several starch-based polymers on the quantified total DNA when compared with controls and
reference materials. Only in the presence of SEVA-C and SPCL neat extracts the effect in cell proliferation was found to be similar to negative control.
Figure 4 Effect of the concentrations of the extract of several starch-based polymers on the amount of total protein, as compared to controls and
reference materials. The amount of protein and consequently the effect on cell proliferation was found not to be different between neat extracts of
SEVA-C and SPCL, the less toxic, and SCA and PLLA the more harmful.
that cellular parameter (Fig. 3). The quantification of
DNA showed that SEVA-C and SPCL were the two
polymers which had less effect on cell proliferation,
respectively 26 and 28% of growth inhibition, present-
ing a result close to the negative control. Again, these
results are quite promising for biodegradable polymers.
Furthermore the statistical comparison of the results ob-
tained with the neat extract of those two materials and
each one of the other polymers showed that the reduc-
tion in cell proliferation was significantly different. The
blend of starch with poly-lactic acid followed SPCL in
terms of percentage of inhibition of cell proliferation
(about 31%). PLLA was the material that provoked the
second highest reduction in cell proliferation (about
35%) and SCA was again the material with the most
negative properties inducing around 57% of inhibition
of osteoblast-like cells proliferation. As mentioned be-
fore, the presence of low molecular weight chains in the
SCA extract affected the cellular metabolism inducing,
in some cases, cell death and delaying proliferation of
the less affected cells.
The quantification of total protein confirmed the ma-
jority of the results obtained with the DNA method-
ology (Fig. 4). Again the results obtained with the
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extracts of SEVA-C and SPCL revealed to be compa-
rable to those obtained for the negative control and sig-
nificantly different from all the other materials. While
those two polymers induced about 43% of inhibition in
cell proliferation, SCA and PLLA which results were
not statistically different, provoked an inhibition closer
to the positive control and of about 63%. The amount
of total protein measured after incubation with the ex-
tract of SPLA70 did not show any effect with increasing
concentration of extract. In fact, the cell proliferation
was affected for the 25% extract concentration, with a
decrease of about 17% in cell proliferation, but did not
change for higher concentrations of extract. This might
be an indicator that the incorporation of starch into the
poly-lactic acid positively influences cell response.
Therefore, SCA together with PLLA were shown
to negatively affect the proliferation of osteoblast-like
cells in higher extent while SEVA-C and SPCL pre-
sented a comparable performance to TCPS.
3.3. Cell adhesion
The presence of a substrate to adhere constitutes an im-
portant variable in understanding the biocompatibility
of newly developed biomaterials. Despite good cell be-
haviour in the presence of biomaterials extracts, it might
be possible that, when in direct contact with the materi-
als, the surface properties are not the most suitable for
an optimal cell response.
Osteoblast-like cells were therefore cultured in di-
rect contact with the polymers in study and cell mor-
phology was analysed after 3 and 7 days. Considering
the cell viability and proliferation analysis performed
with the extracts of the materials, SEVA-C and SPCL
were expected to be the best surfaces for cell adhesion.
Fig. 5(A) and (B) show cells adhered to the surface of
SEVA-C respectively after 3 and 7 days of culture. Cells
present the typical morphology of osteoblastic cells; a
polygonal shape with cytoplasm extensions. SEVA-C
appears to present appropriate physico-chemical prop-
erties for SaOs-2 to adhere and proliferate since the
surface of the sample after 7 days of culture was almost
fully covered. However, and contrarily to what was ex-
pected, cells adherent to SPCL did not show the charac-
teristic morphology of osteoblast-like cells (Fig. 5(C)
and (D)), which may prevent an adequate long-term
cell response. The proliferation rate of these cells did
not seem to be comparable to cells adhered to SEVA-C
since SPCL surface area occupied by cells, after 7 days
of culture, was less significant (Fig. 5(D)).
Like for SPCL, the extract of SPLA70 did not sig-
nificantly affect the behaviour of SaOs-2 but its ad-
hesion performance on the surface of that polymer
was not as good as it could be expected, in particu-
lar for earlier times of culture (Fig. 5(E)). Nonethe-
less, some of the adherent cells presented the typical
morphology of osteoblast-like cells and after 7 days
of culture an almost confluent layer of cells was cov-
ering the surface of SPLA70 (Fig. 5(F)) showing that
cell proliferation is not affected by the surface of this
polymer.
Comparing SPLA70 with PLLA, the extract of
PLLA showed a more damaging effect on cell viabil-
ity and proliferation. However, the surface of the ma-
terial was found to induce good adhesion behaviour
(Fig. 5(G) and (H)). Cells presented a morphology rep-
resentative of an ideal adjustment to the surface with
strong adhesion. Cell proliferation, like for SPLA70,
did not seem to be affected also resulting in an al-
most fully covered surface after 7 days of culture
(Fig. 5(H)).
Again, the worst results for SCA extracts were con-
firmed by the adhesion tests (Fig. 5(I) and (J)). Cells on
the surface of starch with cellulose acetate presented a
round morphology and did not proliferate with longer
culture times.
4. Discussion
The present study represents a multi-endpoint ap-
proach, which provides information about different cel-
lular functions. The aim was to use four alternative
methods to determine the cytotoxicity of the degrada-
tion products of biodegradable biomaterials at different
levels. As typically toxic substances do not act at one
specific level but affect several cellular functions [8],
we determined how toxic leachables acted at cellular
and sub-cellular levels by measuring the activity of mi-
tochondrial and cytoplasmic enzymes and quantifying
DNA and total protein content.
Some discussion [23, 30–32] arises when comparing
different methodologies to determine cell cytotoxicity,
but statistically significant correlation between assay
techniques were also reported [33, 34]. Some authors
[32, 34] defend that the measurement of an intracel-
lular parameter such as DNA content may be a more
sensitive tool for the estimation of the cytotoxic poten-
tial of a test material. Furthermore, MacNair et al. [31]
demonstrated that LDH assay is inferior in terms of
sensitivity since it represents a terminal event while the
measurement of total cell protein content was presented
as a more sensitive index of cytotoxicity.
In this work, however, when comparing the results
obtained for MTT and LDH we could suggest that intra-
cellular LDH is a more sensitive index of toxicity. In the
LDH quantification assay higher levels than originally
thought (after the MTT test) as well as statistically dif-
ferent toxicity levels were found for the majority of the
materials. As some of these materials were considered,
after the MTT test, to have a similar toxic behaviour
these results are clearly indicative of the higher sensi-
tivity of the LDH technique.
Analysing the results of DNA and total protein quan-
tification our findings are in accordance with the liter-
ature. The DNA measurement proved to be more sen-
sitive than the determination of total protein.
Based in the obtained results, we may also specu-
late that proliferating cells may be more sensitive than
the resting cells to a toxic challenge therefore the cy-
totoxicity trend be different for some materials when
comparing the methodologies used to evaluate cell vi-
ability and cell proliferation.
A great challenge in the development of novel bio-
materials is to support the interpretation of the cy-
totoxicity results in the characteristics of the materi-
als. In particular, degradable polymers display variable
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behaviour in biological systems, depending on various
properties such as molecular weight [1], hydrophobic-
ity [35], distribution of charge [22], residual monomer
[36] and pH of the degradation products [3]. Therefore,
these factors, combined with the degradation kinetics,
are important in determining the toxicity of promising
biomaterials. The pH and osmolarity of polymer ex-
tracts have been suggested to be related to the toxicity
of polymers [4, 37] and dependent on the amounts of
(A) (B)
(C) (D)
(E) (F)
Figure 5 Optical micrographs showing SaOs-2 cultured on the surface of biodegradable polymers for 3 and 7 days and stained with methylene blue.
A, B–SEVA-C; C, D–SPCL; E, F–SPLA; G, H–PLLA; I, J–SCA. A, C, E, G, I–3 days of culture; B, D, F, H, J–7 days of culture. Small squares on
the upper corner represent an area of the micrograph at higher magnification. Bar represents 100 µm. (Continued)
solubilised monomers and oligomers [38]. In fact, pH
influences cell behaviour and viability and acidic pH
lower than the physical pH of the cells can cause a
toxic response [33, 39]. Osmolarity is a factor that can
exert an influence on proliferation, morphology and cell
activity [36].
From the toxicity data in this work it appears that the
material with higher index of cytotoxicity is SCA. This
is the material with higher capability to uptake water
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(G) (H)
(I) (J)
Figure 5 (Continued).
therefore with higher predisposition for degradation.
In addition SCA is a non-miscible blend, which affects
the kinetics of degradation releasing higher amounts of
low molecular weight chains to the extraction medium
at early stages of immersion. In fact, the extraction
medium (culture medium with phenol red) showed a
slight change of colour indicative of acidification; thus
it is possible that the low molecular weight chains re-
leased to the medium are responsible for the pH de-
crease and consequently for the cytotoxicity.
The pH of the extraction medium does not seem to be
responsible for the degree of toxicity observed for the
other materials. Although not as obvious as for SCA,
there are some differences between the materials, in
terms of cytotoxicity, that might be attributed to the
degradation products of the polymers. In fact, Ignatius
et al. [12] reported studies in buffer solutions where
PLLA toxicity was attributed to the degradation prod-
ucts themselves. In another work [4] the low pH of water
incubated PLA specimens was attributed to their degra-
dation and the resulting concentration of lactic acid in
the exposure medium. It can be speculated that since
the pH of the extraction medium does not change, the
toxicity presented by the PLLA extracts, mainly affect-
ing cell proliferation is due to the interaction of the cells
with the products of degradation. Previous works with
starch-based biomaterials [40–42], in particular with
SEVA-C and SCA extracts incubated with other type
of cells, have shown promising results. Thus the cyto-
toxicity of SCA can be attributed to the high amount of
low molecular weight chains and processing additives,
which can be removed by an additional processing stage
[42].
Cytotoxicity tests with extracts are usually defined
as indirect contact tests. Cytotoxicity tests with ex-
tracts should be complemented with direct contact tests
since materials may display differences in cytotoxic-
ity depending on cell-material contact arrangements.
Cell-material contact can in a way reduce the sensi-
tivity of an in vitro system but also influence cell via-
bility, probably due to chemical interactions [18, 43].
The shape [44] and surface texture [43, 45] of an im-
plant are other important factors, determining the tissue
response although a conclusive mechanism is not yet
established.
Cell adhesion experiments performed in this work
demonstrate that besides the extracts of the materials
the three-dimensional forms of the polymers have to
be tested as the results of cell behaviour may drasti-
cally change. This was the case of the blend of starch
with polycaprolactone (SPCL), which did not present
significant toxicity but when in direct contact with the
materials showed reduced cell adhesion and delayed
proliferation rate. Contrarily, SCA confirmed to be the
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less suitable surface for cell adhesion as was expected
by the cytotoxicity test. However, other studies [46, 47]
with SPCL and SCA showed that these two materials
processed under different conditions and shapes aiming
for example tissue engineering purposes, support cell
adhesion.
The different percentages of starch and the miscibil-
ity and the starch-based blends might also have some
influence in the biological performance of those bio-
materials. SEVA and SCA, both with 50% of starch
could be expected to induce a similar behaviour how-
ever, SCA is a non-miscible blend, which can contribute
to a completely different surface in terms of starch and
synthetic component exposure and consequently cell
adhesion. In addition the two starch blends with 30%
of starch SPCL and SPLA70 also presented very dis-
tinct cell adhesion results. This might indicate that in
this case the synthetic component rules cell adhesion
and proliferation and we can speculate that increasing
the percentage of starch in the blend with polycapro-
lactone would improve those actions.
Thus specific surface properties have pivotal role on
cell adhesion behaviour. Studies with pure PCL showed
that it has an hydrophilic surface and osteoblast-like
cells appear to prefer more hydrophobic surfaces [35].
Contrarily, Yang et al. [18] reported less adhesion and
differentiation of bone-marrow stromal cells onto hy-
drophobic surfaces due to less adsorption of fibronectin.
The starch-based blend SPCL is more hydrophobic than
the other materials which is in accordance with Yang
et al. [18]. However, other authors [48] suggest that
some chemical groups have more significant role in
cell adhesion than the general surface properties. For
example, the oxygen content of SEVA-C, lower than
SPCL and SCA [49], seems to be the most suitable for
the adhesion of SaOs-2 under the studied conditions.
5. Conclusions
The data generated by this battery of assays allow for
a response on the cytotoxic potential of materials or
devices with a higher grade of certainty. In addition it
also provides the guarantee that if the leachables from
the materials interfere with one test system the results
are not misinterpreted.
It was also possible to prove that not only the extract
of the materials but also their three-dimensional form
has to be biologically tested in order to analyse material-
associated parameters that are not possible to consider
within the degradation extract.
Therefore, both direct and indirect tests allowed to
determine that SCA induced significant cytotoxicity
and did not present the ideal surface properties for
osteoblast-like cells adhesion and proliferation. Con-
trarily, SPCL extract was not deleterious for cells but
did not support their proliferation. Comparatively to
the gold standard biodegradable biomaterial, SEVA-
C and SPCL showed a better behaviour than PLLA
in terms of cytotoxicity. The adhesion and prolifera-
tion of osteoblast-like cells on SEVA-C and SPLA70
was however, comparable to PLLA, which indicates
the good potential of the majority of the starch-based
biomaterials tested for bone related applications.
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